We present an ALMA survey of dust continuum emission in a sample of 70 galaxies in the redshift range z = 2 − 5 selected from the CANDELS GOODS-S field. Multi-Epoch Abundance Matching (MEAM) is used to define potential progenitors of a z = 0 galaxy of stellar mass 1.5 × 10 11 M . Gas masses are derived from the 850µm luminosity. Ancillary data from the CANDELS GOODS-S survey are used to derive the gas mass fractions. The results at z 3 are mostly in accord with expectations: The detection rates are 75% for the z = 2 redshift bin, 50% for the z = 3 bin and 0% for z 4. The average gas mass fraction for the detected z = 2 galaxies is f gas = 0.55 ± 0.12 and f gas = 0.62 ± 0.15 for the z = 3 sample. This agrees with expectations for galaxies on the star-forming main sequence, and shows that gas fractions have decreased at a roughly constant rate from z = 3 to z = 0. Stacked images of the galaxies not detected with ALMA give upper limits to f gas of < 0.08 and < 0.15, for the z = 2 and z = 3 redshift bins. None of our galaxies in the z = 4 and z = 5 sample are detected and the upper limit from stacked images, corrected for low metallicity, is f gas < 0.66. We do not think that lower gas-phase metallicities can entirely explain the lower dust luminosities. We briefly consider the possibility of accretion of very low-metallicity gas to explain the absence of detectable dust emission in our galaxies at z 4.
INTRODUCTION
A fundamental process by which galaxies acquire mass is by accreting gas and converting it into stars. This process is especially important during the epoch extending from the reionization era to the peak of star formation activity at z ∼ 2. The accretion process and how it is related to the star formation history of these early galaxies is, however, poorly understood from an observational point of view. We know that the gas accretion rate increases with increasing redshift, and at z 4, it may exceed the star formation rate, leading to galaxies whose baryonic content are dominated by interstellar gas (e.g. Papovich et al. 2011) . At lower redshifts, the star formation rate eventually exceeds the gas accretion rate, leading to a decreasing gas mass fraction. In addition to providing fuel for the star formation activity, the interstellar gas also fuels activity in the galactic nuclei.
The star formation and AGN activities are coeval and follows the same strong evolution with redshift, showing a broad maximum around z ∼ 2 (e.g. Madau & Dickinson 2014) . The gas mass fraction in massive galaxies in the local universe, like the Milky Way, is typically 10% and the star formation activity has fallen to a level last seen during the end of the reionization epoch at z∼7 (e.g. Madau & Dickinson 2014) .
Despite the importance of gas accretion and the role of the interstellar gas during the formation of galaxies and their subsequent evolution, almost all of our knowledge about galaxies at high redshift is based on observations of stellar light. A tight correlation between star formation activity and stellar mass exists at the epoch of maximum star formation activity, and extends to earlier epochs (Daddi et al. 2007; Noeske et al. 2007; Magdis et al. 2010; Rodighiero et al. 2010 Rodighiero et al. , 2011 . This correlation evolves smoothly with redshift (e.g. Madau & Dickinson 2014 and references therein) and is seen as an indication that the star formation history of most galaxies is driven by an interplay between gas accretion, star formation and feedback processes. Hence, observations of the stellar component only offers one piece of an intricate puzzle.
Our lack of knowledge about the interstellar medium (ISM) in high redshift galaxies stems from the difficulties associated with observing the gaseous component. Studies of the warm ionized gas through near-infrared spectroscopy of rest-frame optical lines provide some information, but in terms of mass this gas component only represents a small fraction of the total amount of interstellar gas. The cold and dense ISM, the most massive ISM component and the one directly involved in the formation of new stars, makes its presence known indirectly through extinction of rest-frame ultraviolet (UV) and optical light but is difficult to observe directly. In the local universe the atomic and molecular ISM components are usually studied using radio techniques. However, due to radio interference, the 21 cm HI line can only be observed in nearby galaxies. Observations of rotational lines of CO, tracing the more abundant molecular hydrogen, can be observed in high redshift galaxies (e.g. Carilli & Walter 2013; Combes 2018) . While observation of CO in galaxies at the highest redshifts is possible, it has mainly been of highly special systems such as massive star forming submillimeter galaxies (SMGs; Capak et al. 2011; Walter et al. 2012; Riechers et al. 2013; Vieira et al. 2013; Zavala et al. 2018) , and AGN host galaxies, the latter which has been observed at z 7 (Venemans 2012; . A growing number of CO observations of main sequence star forming galaxies at redshifts z ∼ 1.5 − 2.5 are beginning to provide insights in the molecular ISM of more normal galaxies at high redshift (see Carilli & Walter 2013; Combes 2018) , but these observations come at a high cost in telescope time, even with a facility like the Atacama Large Millimeter/submm Array (ALMA).
A faster, albeit less direct, method to estimate the gas mass in high redshift galaxies is to use a single flux density measurement of optically thin dust emission. This approach uses dust continuum emission as a proxy for the dense interstellar gas. The optically thin RayleighJeans part of the dust continuum emission is proportional to the dust mass, with only a linear dependence on the dust temperature (Scoville et al. 2014) . The interstellar gas mass can then be derived if the gas-todust mass ratio is known. Scoville et al. (2014) derived an empirical relation between the specific luminosity of dust continuum emission at a wavelength of 850µm and the gas mass determined through other means (mainly CO observations) for a sample of local Ultraluminous Far-Infrared Galaxies (ULIRGs) and massive star forming galaxies at z ∼ 2. The ratio L 850µm /M gas has a surprisingly small scatter and can thus be used to measure the interstellar gas mass from the dust continuum emission. This provides a fast and accurate method to derive the gas mass in distant galaxies at any redshift, and allows studies of the dense and cold interstellar gas at high redshift of statistically meaningful samples. A caveat with using the dust continuum emission, as well as the CO line, for measuring the gas mass, is its dependence on the gas-phase metallicity. This is not a problem for galaxies with close to solar metallicity, but the gas-to-dust mass ratio has a linear dependence on the metallicity (Draine et al. 2007 ) and care has to be exercised when observing galaxies of lower stellar mass, possibly with significantly lower than solar metallicity.
There have been several recent studies of the gas mass fraction in galaxies at high redshifts. Observations of CO line emission of galaxies at z ∼ 1 − 2 shows that the gas mass fraction is increasing dramatically compared with that found in the local universe (Daddi et al. 2010; Geach et al. 2011; Magnelli et al. 2012; Tacconi et al. 2013 Tacconi et al. , 2018 Papovich et al. 2016; Freundlich et al. 2019) . Using dust continuum emission as a proxy for the interstellar gas mass has allowed these studies to be pushed to z ∼ 3 − 4 (Scoville et al. 2014 (Scoville et al. , 2016 Schinnerer et al. 2016) , showing a further increase in the gas mass fraction. These results provide an overall picture of the growth of the gas mass fraction with look-back time which is largely consistent with expectations from theory. The samples, however, are selected using different criteria, and do not necessarily reflect an evolutionary scenario of the same galaxies seen at different epochs, making a comparison across cosmic time difficult.
Observations of dust continuum emission now extends to some of the highest redshifts. For instance, Tamura et al. (2018) report of thermal dust emission from a z=8.31 galaxy. This galaxy, which is also detected in the [OIII] 88µm fine-structure line, is gravitationally lensed by the foreground cluster MACS J0416.1-2403. The delensed dust mass is estimated to be 4 × 10 6 M with a stellar mass of 5 × 10 9 M , showing that metal enhancement has occurred in some very young galaxies in the reionization epoch. It is, however, not yet possible to assess the gas mass fraction at these very high redshifts as no well-defined samples have yet been compiled.
As observations probe higher redshifts it becomes increasingly important to define samples that reflect the true evolution of galaxy properties. Galaxies need to be selected in a way that connects the properties of a given z=0 galaxy, the descendant, with that of its high redshift progenitors, using already known characteristics of the galaxies such as stellar mass. Several studies have defined galaxy samples across different redshifts based on constant co-moving number densities (Papovich et al. 2011; Brammer et al. 2011; Patel et al. 2013; Leja et al. 2013 ). This provide samples which are better suited for studies of how galaxy characteristics evolve with cosmic time, than a simple stellar mass cut-off or luminosity selection can do. Another method is to select galaxies at different redshifts based on their ranking, for instance, by selecting the most massive galaxies in equal co-moving volumes at different redshifts. Neither of these methods, however, fully account for the effects of galaxy evolution (e.g. Leja et al. 2013) , basically by ignoring scatter and the stochasticity in the mass accretion history of the progenitors (Behroozi et al. 2013 ). An alternative selection strategy is to use abundance matching, or more precisely, Multi-Epoch Abundance Matching (MEAM; Moster et al. 2013; Behroozi et al. 2013) . The MEAM method provides a parametrized relation between halo mass, as derived from numerical simulations, and stellar mass, based on observations of the stellar mass function, as a function of redshift. This method connects the growth of central dark matter halos with the growth and evolution of the stellar content and allows us to define the most likely progenitors of a given z=0 galaxy while taking the stochastic nature of galaxy growth into account. While it does not account for all of the baryonic content of galaxies, only the stellar component, it does provide a recipe for selecting galaxies connected across cosmic time in an evolutionary sequence.
In this paper we present a study of the gas mass fraction in a sample of 70 galaxies selected using to the MEAM method (Sect. 2.1) across the redshift range z = 2 − 5. The selection is based only on stellar mass and redshift and is completely unbiased with regards to luminosity, morphology or star formation activity. Our sample contains the most likely progenitors of a z=0 galaxy of stellar mass log (M * /M ) = 11.2. The gas mass is derived from optically thin dust continuum emission, using the conversion between 850µm specific luminosity and interstellar gas mass derived by Scoville et al. (2014 Scoville et al. ( , 2016 . We correct the observed fluxes for the effects of the Cosmic Microwave Background as well as discuss the impact of low gas-phase metallicity for the galaxies with the lowest stellar mass in our sample.
The paper is structured as follows: Sect. 2 presents the method used for defining the sample of galaxies and its application on the CANDELS GOODS-S data; Sect. 3 presents our ALMA observations, data reduction and the corresponding ancillary CANDELS data; Sect. 4 presents our results; in Sect. 5 we discuss the results in more detail and explore the impact of a low gas-phase metallicity. Sect. 6 presents a summary of our conclusions. For consistency with previous CAN-DELS publications we adopt the following cosmology:
A central theme with the study presented in this paper is to compare properties of galaxies at different redshifts, connected through an evolutionary sequence. To accomplish this we identify the likely high redshift progenitors of local galaxies of a given stellar mass using the MultiEpoch Abundance Matching (MEAM) method. The resulting sample is thus selected based only on stellar mass and redshift, without considering other parameters. Such a sample is well suited for studying the evolution of properties such as, but not limited to, the gas mass fraction.
The method of abundance matching combines results from numerical dark matter simulations with observed properties of galaxies (Marinoni et al. 2002; Behroozi et al. 2010; Moster et al. 2010) . In particular the multi-epoch abundance matching method developed by Behroozi et al. (2013) and Moster et al. (2013) provides an approach to determine the relationship between the stellar masses of galaxies and the masses of their host dark matter halos, while taking the stochastic nature of the merger process as well as observational uncertainties into account. Instead of attempting to model the complicated baryonic physics associated with star and galaxy formation, including feedback processes, the abundance matching methods populate dark matter halos, obtained from numerical simulations, with galaxies using a parametrized empirical model with adjustable parameters. The only observational input to these methods is the observed stellar mass function at a given redshift. The stellar-to-halo mass relation (SHM) can then be determined. The MEAM method assumes a functional form for the SHM relation (see Eq. 2 in Moster et al. 2013) , populates the halos with galaxies and computes a model stellar mass function. The parameters of the SHM are then adjusted until the observed stellar mass function is reproduced. The redshift evolution of this relation is driven by gas infall, star formation, merging satellite galaxies and stellar mass loss.
Using the MEAM method we define a region in M * -z space where progenitors of a z=0 galaxy of a given stellar mass are most likely to be located. We incorporate the statistical scatter in the merger tree from the Bolshoi simulation (Behroozi et al. 2013 ) and the M * (M h , z) relation derived from the Millennium simulation (Moster et al. 2013) . The result is shown in Fig. 1 , where the different slices correspond to five galaxies of different stellar masses at z=0. The selection regions overlap at high redshift, representing the stochastic nature of the evolution of the merger trees for individual galaxies. From this M * (M h , z) selection we define progenitor galaxies to a z=0 galaxy of log (M * /M ) = 11.2, located at redshifts up to z ∼ 5 (shown as the purple area in Figure 1 ). In order to avoid selecting galaxies overlapping with lower mass z=0 descendants, we sampled galaxies in the upper half of the purple area shown in Figure 1 . It is worth noting that at all redshifts, the selected galaxies traces the upper branch of the stellar mass function and thus minimizes the overlap from galaxies with higher stellar masses. No selection criteria other than the stellar mass and redshift are used in defining the sample.
The CANDELS GOODS-S sample
The galaxies for our ALMA observations are taken from the CANDELS 1 GOODS-S survey (Grogin et al. 2011; Koekemoer et al. 2011) . We use the CAN-DELS GOODS-S H-band selected catalog, which contains 34,930 galaxies (Guo et al. 2013 ). All galaxies in the CANDELS catalog have photometric or spectroscopic redshifts. Stellar masses, and other properties have been derived using multiple spectral energy distribution (SED) models (e.g. Santini et al. 2015) . See Section 3.2 for additional details about the CANDELS data.
From this catalog we randomly select 70 galaxies in four redshift bins centered on z=2, 3, 4 and 5 2 . The redshift bins are referred to as the z=2, 3, 4 and 5 samples, respectively. In practice, the selection of galaxies constitutes a continuum from z ∼ 1.6−5.8. The properties of the 70 galaxies in our sample are listed in Table 1  and Table 2 . The selection is constrained by requiring the galaxies in each bin to have stellar masses within the limits defined through the MEAM method (Sect. 2.1). This means that the selected galaxies are likely progenitors of a z=0 galaxy of log(M * /M ) =11.2 (the purple region in Figure. 1 ). Each redshift bin contains 20 galaxies, except the z=5 sample where we only have 10 galaxies. The reason for reducing the sample size for the highest redshift bin is two-fold. The MEAM method of Moster et al. (2013) and Behroozi et al. (2013) is defined up to z ≈ 4, and hence, the extension to z ≈ 5 is an extrapolation and its validity decreases with increasing redshift. A second reason is that we are selecting progressively less massive galaxies at higher redshift and need to compensate with longer integrations to achieve a lower rms noise. As long as the observations probe the rest-frame Rayleigh-Jeans part of the dust SED, the negative K-correction ensures that the sensitivity for a given FIR luminosity is approximately constant with redshift (e.g. Blain & Longair 1996) . However, for similar gas mass fractions, a galaxy with lower stellar mass also has a lower gas mass and, hence, a lower flux density than a galaxy with a larger stellar mass. The ratio of the average stellar mass of our z=2 and z=4 samples is ∼10. This is partially compensated by an increasing gas mass fraction. A gas mass fraction of ∼0.5 at z=2 and ∼0.8 at z=4 corresponds to an increase in M gas /M * by a factor of ∼4. We therefore need to achieve ∼40% lower rms noise for the z 4 galaxies compared to the z ∼ 2 galaxies.
We emphasize that our galaxy sample is only defined based on stellar mass and redshift. Hence, this sample is likely to represent an unbiased selection of the same population of galaxies, seen at different epochs, unlike a pure mass cut-off or luminosity selected sample.
3. DATA AND ANALYSIS 3.1. ALMA observations and data reduction The ALMA observations of our sample were done during the Cycle 3 and 4 observing seasons. The z=4 and z=5 samples, targeting a total of 30 galaxies, were observed on April 30, 2016, using 41 12-m antennas. The z=3 sample, targeting 20 galaxies, was observed during multiple sessions during the period June 18 -December 14, 2016, using 41-50 12-m antennas. Finally, the z=2 sample, targeting 20 galaxies, was observed December 17-28, 2016, using 50 12-m antennas. The z=4-5 observations were done using the Band 6 receivers, 230 GHz (λ1.3 mm), while the z=2-3 observations were done using the Band 7 receivers, 345 GHz (λ870µm). The choice of ALMA bands ensures that we observe the rest-frame dust continuum on the Rayleigh-Jeans part of the dust SED. The four redshift bins sample the SED at rest-frame λ rest = 277, 202, 243 and 217 µm, respectively. The correlator was configured to process a total bandwidth of 7.5 GHz, consisting of four 1.875 GHz-wide spectral windows. Each of the windows has 128 dual polarization channels. These channels were combined to produce the final continuum image.
The data consist of 70 individual observations, one for each of the targeted galaxies. Each of the four redshift intervals were packed into an scheduling block (SB) and executed until the required rms noise had been achieved. The bandpass calibrator for the z=2 SB was the unresolved QSO J0522-3627, for z=3 the QSO J023+1636 was used and for z=4 and z=5 J0334-4008 was used. Ceres and Pallas were primary flux calibrators. Phase calibrators were J0348-2749 and J0324-2918. The weather conditions varied during the observations but the overall phase solutions have smooth variations across each SB execution. The array configurations used during the observations were selected to give the requested angular resolution of about 0 . 5×0 . 5. In fact, the reason for spreading out the observations over more than 6 months was to retain a uniform angular resolution, thereby achieving a uniform sensitivity for all the data sets. An interferometer measures a finite number of angular scales, resulting in a filtering of the spatial frequencies. The reconstructed image therefore contains emission from a relatively small range of angular scales; from the smallest angular scale, usually just called the angular resolution, to the largest angular scale. Smooth emission on scales larger than the largest angular scale will be filtered out. Hence, retaining a uniform angular resolution safeguards against losing emission due to these effects 3 .
3 See Observing with ALMA -A Primer: https://almascience.nrao.edu/documents-and-tools/cycle6/almascience-primer
The data were calibrated and reduced using the standard ALMA pipeline. The data was of good quality and met the required angular resolution of approximately 0 . 5×0 . 5. The required 1σ rms noise was set to 100µJy for the z=2 and z=3 B6 observations. For the z=4 and z=5 samples, the B6 rms noise requirements were 50µJy and 30µJy, respectively (see Sect. 2.2). All the requirements were met with the ALMA data and are listed in Table 3 . The center wavelengths of the continuum data for the B6 and B7 observations are 1,287µm and 873µm, respectively. We will refer to these as the 1.3mm and 870µm data, or B6 and B7 data, in the rest of this paper. The full half-power beam width (HPBW) of the ALMA 12-m antennas, our instantaneous field of view, is 26 . 5 for the B6 data and 18 . 0 for the B7 data. The combined area within the HPBW of all 70 ALMA pointings is 7.4 arcmin 2 . Several off-center submm sources were detected and will be discussed in a separate paper.
Continuum images of the 70 ALMA pointings were produced using the CASA 4 task CLEAN. The data were naturally weighted for maximum sensitivity. In the natural weighting scheme, data are weighted relative to the number of angular scales observed. It provides the highest sensitivity, but does not maximize the angular resolution. For the latter, a uniform weighting can be used. It is also possible to combine natural and uniform weighting, so called Briggs weighting (Briggs 1995) . We tried different weighting schemes in the CLEAN process to find the best trade-off between sensitivity and angular resolution. However, since almost all of the submm detected sources remain unresolved at the nominal 0 . 5 angular resolution, we did the final flux measurements using natural weights. The average observational properties of the four redshifts bin are given in Table 3 . The positional accuracy of the peak of the submm emission is 0 . 1. In the CLEAN process we pixelated the image with a pixel size 0 . 1×0 . 1. The actual resolution of the interferometer data, however, is larger than this. For example, the z=3 galaxies have an average restoring beam of 0 . 56×0 . 40, with a position angle of −86
• . Since the units of the continuum image is Jy/beam, the peak intensity corresponds to the integrated flux for completely unresolved sources. In almost all cases, however, the derived size of the submm emission is slightly larger than the restoring beam. This shows that while the emission is not resolved, it has an extent which is non-negligible in comparison with the angular resolution of the ALMA data. In these cases we derived the integrated flux by fitting a two-dimensional Gaussian to the emission. Of the detected galaxies, we found only one case where the peak flux was larger than the integrated flux. This corresponds to a case where the submm emission originates in two separate regions, each of them unresolved by the ALMA data. In this case we used the sum of the peak fluxes of the two components when deriving the gas mass.
As we target individual galaxies, the identification of detected sources is easier than in a blind survey. Nevertheless, in order to avoid false detections we set a detection limit of 5σ for a source to be considered securely detected. Of the 26 detected galaxies (see Sect. 4) all but two are detected at more than 5σ. The two marginally detected sources (CANDELS ID: 2344 and 8433) are detected at 3.4 and 4.8 sigma, respectively. The latter is close to our 5σ limit and included among our detected galaxies. Close inspection of the CANDELS ID 2344 shows that the submm emission is associated with a highly inclined star forming galaxy. We therefore treat this as a detection as well.
CANDELS data
Our sample was defined using CANDELS data from the GOODS-S field (Giavalisco et al. 2004; Grogin et al. 2011; Koekemoer et al. 2011) . The redshifts and stellar masses initially used to define the sample came from the Wiki-Z method (e.g. Wiklind et al. 2014) applied to the CANDELS GOODS-S data. For the analysis presented here we use the official CANDELS catalogs, where photometric redshifts and stellar masses are compiled using several different teams applying different SED methods (Guo et al. 2013; Santini et al. 2015) . Spectroscopic redshifts are used whenever reliable data are available. Thirteen of the galaxies galaxies in our sample have spectroscopic redshifts. The differences between the initial selection and the final catalog values are very small and do not affect the the sample selection or the results presented in this paper.
The CANDELS GOODS-S catalog contains 34,930 Hband selected sources, covering a total of ∼170 arcmin 2 . The multiwavelength catalog includes 18 bands and combines observations from the ERS/WFC3 and CAN-DELS/WFC3 data in the F098M, F105W, F125W, F140W and F160W filters. It includes UV data from both CTIO/MOSAIC and VLT/VIMOS, as well as optical GOODS-S and CANDELS data in the F435W, F606W, F775W, F814W and F850LP filters. Infrared data from VLT/HAWK-I Ks (Fontana et al. 2014 ) and Spitzer/IRAC 3.6, 4.5, 5.8 and 8.0µm (Ashby et al. 2013) are also part of the data set. See Guo et al. (2013) for a summary of the CANDELS GOODS-S UV-to-mid-IR data set and corresponding survey references. The redshifts and stellar mass estimates used in our analysis are from Santini et al. (2015) . In addition to redshift and stellar mass, all of the galaxies in the CANDELS GOODS-S catalog have estimates of the extinction, age, star formation history and metallicity (see Table 2 ). These estimates will be used to characterize the galaxies in our sample. We also use data on the size and morphology of the galaxies in the CANDELS GOODS-S catalog from van der Wel et al. 2012. The size estimates are derived using Sextractor and the morphological classification relies on the one-dimensional Sérsic index derived using the WFC3/F160W data. Given the redshift range of our sample, the Sérsic index is derived at rest-frame wavelengths ranging from 5100Å for our z=2 galaxies, to 2700Å for the z=5 galaxies.
In order to improve the results from the CANDELS survey, a team effort to analyze methods used to derive galaxy properties, such as photometric redshift, stellar mass and other parameters characterizing the galaxy population, was conducted. Photometric redshift estimates by eleven teams were presented in Dahlen et al. (2013) . It was demonstrated that combining the photometric redshifts from multiple methods reduces the scatter as well as the outlier fraction in photometric redshift values. A comprehensive study comparing stellar mass estimates of both real galaxies and mock galaxies drawn from semi-analytical models, was presented in Mobasher et al. (2015) . Here, the results of 10 teams showed that the biases are relatively small and mostly present for young galaxies with ages 100 Myr. In a similar manner, Santini et al. (2015) analyzed the results from 10 different teams fitting SEDs to the CANDELS GOODS-S and UDS data (Guo et al. 2013; Galametz et al. 2013) . The resulting stellar mass catalog represents the CANDELS public release for the GOODS-S 5 and UDS 6 fields (Santini et al. 2015) . We adopt the CAN-DELS GOODS-S public catalog for the redshift and stellar mass values of CANDELS GOODS-S galaxies used in this paper. Stellar masses are based on a Chabrier IMF. The public releases also contain the results from each of the participating teams of other parameters obtained from the SED fits. For these parameters we use median values for dust extinction, E B−V , metallicity, star formation rate (SFR) and specific star formation rate (sSFR). The CANDELS derived parameter values for the galaxies in our sample are listed in Table 2 , together with average values for the different redshift bins.
RESULTS

Submm data
The data obtained with our ALMA observations are listed in Table 1 . We detect submm emission in 15 out of 20 galaxies in the z=2 sample, 11 out of 20 in the z=3 sample and none in the z=4 and z=5 samples, with 20 and 10 galaxies observed, respectively. When detected, the submm emission is in almost all cases observed at >5σ, while for the non-detected sources, there is no hint of emission. We construct stacked ALMA images of the non-detected galaxies for each redshift bin. The number of galaxies in each stack is 5, 9, 20 and 10 for the z=2-5 samples, respectively. The rms noise for the stacked z=4 and 5 samples is ∼8µJy and ∼35µJy for the z=2 and 3 samples (see Table 4 ). No submm emission was detected in any of the stacked images. For the z=3-5 samples we randomly picked sub-samples of four galaxies and stacked the submm images. None showed any emission even at the 2σ level. We use the upper limits of submm emission in the stacked images to set upper limits to the gas mass fraction.
Conversion of the submm fluxes into estimates of the total molecular gas mass is done using a single flux density measurement of the dust continuum on the Rayleigh-Jeans part of the dust SED. We use the empirical correlation between the rest-frame 850µm luminosity, L 850µm , and the total molecular gas mass, α 850µm , derived by Scoville et al. (2014 Scoville et al. ( , 2016 :
This correlation was obtained using local and high redshift galaxies with known submm luminosities and known molecular gas masses. The relation has an approximately linear dependance on dust temperature such that an increase in the dust temperature results in a smaller gas mass for a fixed flux density. The method was tested on local galaxies with approximately solar metallicity (e.g. Scoville et al. 2014; Groves et al. 2015) , and for high redshift galaxies (Scoville et al. 2016 ). The high redshift galaxies were selected to have high stellar masses and should therefore have close to solar metallicity (Savaglio et al. 2005; Erb et al. 2006) . This approach has recently been explored using highresolution cosmological simulations from the Feedback in Realistic Environment (FIRE) project (Hopkins et al. 2014; Liang et al. 2018 ). The simulations include galaxies at redshifts z=2-4, with M 10 10 M , exhibiting various forms of stellar feedback, and use radiative transfer modeling to estimate the FIR luminosity. The results show a tight correlation between the rest-frame L 850µm luminosity and molecular gas mass for a wide range of star formation activity (Liang et al. 2018) . This shows that the empirical approach of using a single flux density measurement to estimate the interstellar gas mass is viable. Nevertheless, one concern for our sample is that we target galaxies with stellar masses decreasing with increasing redshift and hence galaxies in our highest redshift bins may have a different conversion factor between L 850µm and total gas mass than their lower redshift counterparts. We will discuss this in more detail in Section 5. The gas mass of each galaxy is derived using the conversion factor α 850µm as defined in Eq. 1, assuming a dust temperature T d = 25 K and dust emissivity index β = 1.8 to derive L 850µm (e.g. Scoville et al. 2016) . A dust temperature of 25 K is likely to characterize the bulk of the dust mass. The median dust temperature of the dust in our Milky Way galaxy is ∼18 K (e.g. Planck Collaboration 2011). Dunne et al. (2011) found that typical dust temperatures for 1867 galaxies in the Herschel-ATLAS survey are in the range 17-30 K.
The observed submm fluxes at high redshifts need to be corrected for the effects of an increasing temperature of the Cosmic Microwave Background (CMB); see da Cunha et al. (2013) for a discussion and quantification of this correction. The CMB affects the observed fluxes by providing an additional heating source for the dust grains as well as an increasingly bright background against which the continuum emission is measured. These two effects compete against each other, but the net result is that the observed flux density needs to be corrected by a factor 1. The correction factor depends on the dust temperature, the observed wavelength and the redshift. For typical galactic dust temperatures, the correction becomes significant already at z ∼ 3 − 4. The correction factors used here are listed in Table 1 , for an assumed dust temperature of 25 K. The correction increases the flux density values, and hence the estimated gas mass, by ∼6% at z ∼ 2 and by ∼30% at z ∼ 5. Due to the definition of the gas mass fraction used here, the effect on f gas is of a lesser magnitude. For equal stellar and ISM masses, the CMB correction increases f gas by ∼13% at z ∼ 5 and ∼2% at z ∼ 2. All the results quoted in this paper and listed in Table 1 have been corrected for the CMB temperature at the corresponding redshifts.
Gas mass fraction
The gas mass fraction is defined as f gas = M gas /(M gas + M * ). Upper limits to M gas and the gas mass fraction f gas correspond to 3σ limits of the flux density. The stellar mass is obtained from the CANDELS GOODS-S data (Santini et al. 2015 ; see also Mobasher et al. 2015) .
In Figure 2 we plot the gas mass fraction, f gas , as a function of redshift. For the z=2-3 redshift bins we plot both detected galaxies and 3σ upper limits of undetected galaxies, as well as the average gas fraction for detected galaxies in the z=2 (f gas = 0.55 ± 0.17), and the z=3 (f gas = 0.62±0.12) redshift bins (the errors represent the dispersion of the mean). These values are significantly higher than the typical gas mass fraction in large spiral galaxies in the local universe of 0.1. The corresponding ISM gas masses range from 0.25 − 3.2 × 10 11 M , with an average of of 1.0 ± 0.9 × 10 11 M for the z=2 sample, and 0.7 ± 0.4 × 10 11 M for the z=3 sample. In Figure 2 we also show the 3σ upper limits of the gas mass fraction for the stacked images of non-detected galaxies in each redshift bin (purple arrows). The expected gas mass fraction from three different scaling relations are also shown in Figure 2 (Sargent et al. 2014; Scoville et al. 2017; Tacconi et al. 2018) . The scaling relations have been used to calculate the expected gas mass fraction f gas for galaxies on the main sequence (MS) with a stellar mass, M * (z), corresponding to the average of the MEAM selection used for our sample (Sect. 2.1, Figure 1) . Overall, the measured f gas values of the detected galaxies exhibit the expected increase with redshift for the z=2 and z=3 samples. The stacked upper limits (3σ limits) on the other hand, deviate significantly from the scaling laws applicable for galaxies on the main sequence.
At any given redshift, our selection of galaxies is based on the galaxy stellar mass with a dispersion given by the MEAM models (Sect. 2.1; Figure 1 ). We therefore derive the ∆f gas = (f gas ) obs − (f gas ) model for each of the 26 galaxies with detected submm emission where we use the actual stellar masses, star formation rates and, in the case of the Tacconi et al. (2018) scaling relations, the effective radius, R e to calculate (f gas ) model . The result is shown in Figure 3 . The average ∆f gas for the Sargent et al. (2014) and Tacconi et al. (2018) scaling laws are 0.013 ± 0.15 and 0.025 ± 0.15, respectively, showing an overall good correspondence between the observed and expected gas mass fractions for the galaxies with detected submm emission.
The fraction of galaxies with quenched star formation decreases with increasing redshift, as well as with decreasing stellar mass. One would therefore expect that the fraction of galaxies in our sample with detectable submm emission increases with redshift. This is not the case and instead our detection rate decreases from 75% at z=2, to 50% at z=3 and 0% for z ≥ 4. Could this be due to a lack of sensitivity in our ALMA data or due to the random selection of galaxies within each redshift bin and a modest sample size? Quiescent and star forming galaxies occupy distinct regions of the rest-frame U − V versus V − J color space (e.g. Williams et al. 2009 ). While all of the submm detected galaxies in our z=2 and z=3 samples have U V J colors defining them as star forming, 3 out of the 5 undetected galaxies in the z=2, and 5 out of the 9 undetected galaxies in the z=3 sample, have U V J colors implying they are quiescent. Incidentally, none of the galaxies in our z 4 bins fall in the quiescent region, but the U V J color scheme is not well defined for these high redshifts. The regions in color space defining 'quiescent' and 'star forming' galaxies are binary in nature, although it does appear to distinguish between disk-like and spheroidal morphological types for z 2 (Patel et al. 2012) . A more nuanced view of the star forming activity can be obtained through the extensive CANDELS photometry and corresponding SED fits. In particular, the SFR and stellar mass estimates allow us to define the sSFR. In Figure 4 we plot sSFR versus stellar mass for galaxies in each of our four redshift bins. Each bin contains all CANDELS GOODS-S galaxies, for that particular redshift interval. We mark those galaxies that fall within our M * − z MEAM selection limits, as well as the galaxies observed with ALMA. The main sequence sSFR for each redshift bin, and its ±0.5 dex values, are marked (from Schreiber et al. 2015) . From the figure it is clear that 2 out of 5 undetected galaxies in the z ∼ 2 sample have sSFR values 0.5-0.7 dex below the main sequence, and 6 out of 9 undetected galaxies in the z ∼ 3 sample have sSFRs 0.5-0.8 dex below the main sequence. These galaxies corresponds to the 'quiescent' galaxies in the U V J color definition. We also note that the both the z=2 and z=3 redshift bins have undetected galaxies with sSFRs corresponding to galaxies on the MS as well as 0.5 dex above the MS. From Figure 4 it is clear that there are galaxies within our MEAM selection regions with sSFR values 0.1-0.3% of the corresponding MS value. These are likely to be truly quiescent galaxies, but none of these are part of our ALMA sample 7 .
The galaxies in the Tacconi et al. (2018) sample (cf. Freundlich et al. 2019) , are selected based on their SFR and M * properties, i.e. their sSFR, aiming for a homogeneous coverage of the M * -SFR plane above a certain stellar mass. Some of these galaxies do lie in the quiescent part of the UVJ diagram, despite being relatively close to the MS. The Tacconi et al. (2018) scaling relations are defined for stellar masses in the range log M * /M = 9.0 − 11.8 and across log ∆M S = −1.3−2.2. All of the galaxies in our sample falls within this mass range, and all of the inferred sSFRs are within +0.5 and −0.8 dex of the MS. Hence, the Tacconi et al's scaling relations is applicable to our sample. For the undetected z ∼ 2 and z ∼ 3 galaxies, the scaling law predicts f gas = 0.37 and 0.38, respectively. This is lower than for the detected galaxies but still higher than the upper limits derived from the stacked images (f gas < 0.08 and < 0.15). This will be discussed further in Sect 5.2.
The SFRs used here are obtained from the multi-team SED fitting of the CANDELS data (Santini et al. 2015) and listed in Table 2 . In order to determine whether our ALMA data is sensitive enough to detect these lower gas mass fractions, we need to relate the SFR to an expected observed submm flux density. We can convert the SFRs into FIR luminosities using the Kennicutt (1998) relation. Fitting a dust SED to our ALMA data using a modified black-body curve allows us to use the 3σ noise rms to obtain lower limits to the detectable SFR. However, the FIR luminosity derived from the modified blackbody SED has a strong dust temperature dependence, as well as weaker dependencies on the dust emissivity index β and the critical wavelength distinguishing between optically thick and thin emission (e.g. Scoville et al. 2014 and references therein). The dust emission therefore needs to be well-sampled by observations in order to provide a useful estimate of L FIR and corresponding SFR. This is not the case for our sample. We can, however, obtain a rough estimate of the minimum SFR that would result in detectable submm emission for a given rms noise level by using a modified blackbody SED and vary the dust temperature and other parameters within reasonable limits. Integrating the resulting SED gives the L FIR corresponding to our 3σ detection limit. We vary the dust temperature between 25-35 K, the dust emissivity index β = 1.5 − 1.8 and the critical wavelength λ 0 = 50 − 100 µm. This results in a lower limit to the SFR for individual galaxies in the range 4 M yr
Lower SFR values are obtained for the lower values of the dust temperature. With all parameters fixed, the lowest SFR values are obtained for the highest redshift bins due to the lower rms noise levels of the ALMA data. Assuming a dust temperature of 35 K, the SFR limits are between 9-14 M yr −1 . Using the 3σ rms noise from the stacked images we find that a star formation rate of 1-2 M yr −1 should have resulted in detectable submm emission. The latter limit assumes T d = 35 K. For a lower dust temperature, the limiting SFR decreases even further.
Hence, even in the case of a high dust temperature, T d ∼ 35 K, all of the z=2 galaxies and all except three z=3 galaxies ought to have been detected in our ALMA data. The fact that 35% of the z=2-3 galaxies were not detected means that they either lack the star formation required to power the dust emission and/or or have low dust content and gas-phase metallicities. For the z=4 and z=5 galaxies, almost half of the individual galaxies could remain undetected in our ALMA data if the dust temperature is as high as 35 K, but the other half should have produced detectable submm emission. If the dust temperature is 25 K we should have detected all except ∼3-4 galaxies in the z=4-5 samples.
The SFR limits for the stacked galaxies without detected submm emission are in the range 1-2 M yr −1 , for T d = 35 K. The fact that none of them show any hint of submm emission shows that these galaxies either have very low levels of star formation or a low gas-phase metallicity making the dust signature faint enough to evade detection. We will discuss this further in Sect. 5.
Comparison with CANDELS data
The availability of CANDELS data for all galaxies in our sample makes it possible to compare the derived gas mass fractions with characteristics of the galaxies derived from SED fits, such as morphology (characterized through the one-dimensional Sérsic index), the global dust extinction (E B−V ), stellar metallicity and effective radius, among others. These parameters are derived using SED fits to the UV-to-NIR photometric data using different fitting algorithms, stellar isochrones, parametrization of the star formation history (SFH) and the inclusion, or omission, of nebular lines. In order to study, and account for, the impact of these effects, the release of CANDELS catalogs involved the effort of several teams within the CANDELS collaboration (e.g. Mobasher et al. 2015; Santini et al. 2015) .
If the non-detected galaxies are quiescent systems, we expect them to have high Sérsic indices, low E B−V values as well as low SFR and sSFR values. These expectations are, for the most part, realized, as shown in . In these figures we plot f gas vs. Sérsic index, effective radius (R e ), SFR, sSFR, extinction (E B−V ) and stellar metallicity. Individual results are shown for the detected z=2 and z=3 galaxies and for the corresponding averages. For the undetected galaxies, we show the 3σ upper limit to f gas from the stacked images versus averages for the different parameters.
In Figure 5 we plot the gas mass fraction, f gas , versus the Sérsic index (left panel) and the effective radius, r e , in kpc (right panel). The z=2 and z=3 samples show a clear trend with the detected galaxies having a Sérsic index indicating a disk-like morphology, while the undetected galaxies, on average, have a more spheroidal morphology. The z=4 and 5 samples fall in between the detected and undetected z=2 and 3 samples. However, the uncertainty of the Sérsic indices for these high redshift galaxies is substantial. The right panel of Figure 5 shows that the submm detected galaxies are, on average, a factor two larger than the non-detected galaxies. The dispersion in r e is quite large but our results for z=2-3 are consistent with the results of other studies (e.g. van Dokkum et al. 2008) , where the effective radius for quiescent galaxies at z ∼2 is ∼0.9 kpc. Star forming galaxies are typically ∼3 times larger (e.g. Straatman et al. 2015) .
In Figure 6 , we compare f gas with the SFR and sSFR. In this case we use median values as each redshift bin shows a spread in SFR properties (see Table 2 ). Not surprisingly, the galaxies without detectable submm emission tend to have lower SFRs than those with detectable FIR emission. However, the median SFR of the undetected z=2 sample is still ∼50 M yr −1 , while the median SFR for the z=2 and 3 samples with submm emission is 100 M yr −1 . The z=4 and 5 samples have the lowest SFRs, with values ∼10-15 M yr −1 . However, the z=4 and 5 samples show a very different behavior for the star formation rate per unit stellar mass (sSFR). In this case, the z=4 and 5 galaxies have a normal sSFR (right panel in Figure 6 ), while the nondetected z=2 and 3 galaxies have low sSFR values. The submm detected galaxies have median sSFR that would put them close to the main sequence at their respective redshifts. This can also be seen in Figure 4 .
Finally, in Figure 7 we compare the gas mass fraction with dust extinction, characterized through E B−V , and the stellar metallicity (Z/Z ). Not surprisingly, the galaxies with detectable submm emission have higher extinction values than the undetected galaxies. The lowest extinction values are found for galaxies in the z=4 and z=5 redshift bins. Again, this is not surprising since our sample is drawn from an H-band selected catalog. At z 4, the H-band samples rest-frame UV wavelengths of λ 3000Å. Hence, the H-band selection has an intrinsic bias against dust obscured galaxies at these high redshifts. This will be discussed in Sect. 5. There is a clear trend with high gas mass fraction galaxies in the z=2 and 3 samples having a higher metallicity than those of the undetected galaxies, with an average metallicity Z = 1.3 ± 0.5 Z . A somewhat surprising result is that the average metallicity of the galaxies in the z=4-5 redshift bins have a metallicity close to solar, Z = 0.9 ± 0.5 Z . The metallicity of each galaxy is derived from SED fits and thus represent the metallicity of the stellar component, not the gas-phase metallicity. The metallicity derived from SED fits are subject to a degeneracy with stellar age and dust extinction. Hence, the metallicity derived for a single galaxy is not very accurate, but as an average of a larger sample, the SED based stellar metallicities are indicative of a trend (see Sec. 5.3).
Randomly selected galaxies from the z=2 and z=3 samples are shown in Figure 8 . For each redshift bin we show 5 submm detected and 5 non-detected galaxies. The morphological difference between the detected and non-detected galaxies in the z=2 sample, also seen in their Sérsic indices, is obvious, but it is less evident in the z=3 sample. In Figure 9 we show 5 randomly selected galaxies each for the z=4 and the z=5 samples. These galaxies are less massive and less luminous, which, combined with the surface dimming, makes their appearance at rest-frame UV and optical wavelengths more difficult to characterize. For each galaxy we show 7 . 0×7 . 0 cut-outs in the ACS/F606W, ACS/F850LP, WFC3/F160W and VLT/HAWKI 2.2µm filters, as well as the ALMA continuum image. The stretch of the ALMA continuum images are different in each case. The z ∼ 5 galaxy CANDELS ID #17427 appears to have a weak and extended emission feature associated with the target galaxy. However, the SNR is 2 and we do not treat this as a detection. CANDELS ID #6780 (a nondetected z ∼ 3 galaxy) has a neighbor with dust continuum but at a photometric redshift of z=1.550 and therefore not physically related to the target galaxy and not part of our sample.
5. DISCUSSION 5.1. The gas mass fraction over cosmic time
In Figure 10 we compare our results of the gas mass fraction with results compiled from the literature. The f gas estimates are derived from both CO J=1-0 through J=3-2 line observations (Geach et al. 2011; Daddi et al. 2010; Magnelli et al. 2012; Tacconi et al. 2013 Tacconi et al. , 2018 Papovich et al. 2016; Freundlich et al. 2019) and from dust continuum emission (Scoville et al. 2016; Schinnerer et al. 2016; Tacconi et al. 2018 ; this paper). We have included data from the PHIBSS2 survey (Tacconi et al. 2018 ), containing gas mass estimates from both CO line and dust continuum for 1444 star forming galaxies at redshifts z ∼ 0.1 − 4. Here we include galaxies up to z ∼ 2.5. We also include CO data from Freundlich et al. (2019) , covering the redshift range z = 0.5 − 0.8. The estimates of the gas mass fraction presented in Fig- ure 10 are based on galaxies selected using different criteria, mainly stellar mass and star formation activity, and do not necessarily constitute an evolutionary sequence in the same sense as our selection is meant to do. However, all the observations at z 3 select relatively massive galaxies, log (M * /M ) 10.2 and it is only for the highest redshifts that our sample selection differ by targeting lower mass galaxies. The errors shown in Figure 10 are dispersion of the mean and do not reflect uncertainties associated with the different estimates of mass, conversion factors or other possible systematic effects. Schinnerer et al. (2016) selected a sample of massive, star forming galaxies in the COSMOS field with redshifts z ∼ 3.2 and found an average f gas = 0.62 ± 0.10, which is identical to the gas mass fraction derived from our z=3 sample, f gas = 0.62 ± 0.12. The stellar masses of the galaxies making up the Schinnerer et al. (2016) sample is almost the same as for our z=3 sample, log (M * /M ) = 10.7 and log (M * /M ) = 10.6, respectively. Scoville et al. (2016) used dust continuum emission to estimate the gas mass fraction in three redshift bins, z∼1.2, 2.3 and 4.4. Their result for z ∼ 2.2 gives f gas = 0.40 ± 0.16 for galaxies with an average stellar mass log (M * /M ) = 11.0. Our result for the z=2 sample suggests a higher gas mass fraction at this redshift, with f gas = 0.55 ± 0.17, for galaxies that on average are 1.7 times less massive. Tacconi et al. (2013) used the CO, J=3-2 emission line to estimate the gas mass fraction in a sample of galaxies at z=2.2. Using a Galactic value for the CO-to-H 2 conversion factor they derive an average gas mass fraction of ∼0.47. The average stellar mass of their sample of log (M * /M ) = 10.7. Figure 10 clearly shows that the gas mass fraction increases dramatically with redshift. The curve shown in the figure depicts the expected gas mass fraction from the scaling relation of Sargent et al. (2014) for galaxy stellar masses following our selection method. The data shows a steeper increase in the gas mass fraction for z 2 than indicated by the scaling relation. The scaling relation from Scoville et al. (2018) depicts a steeper rise in the gas mass fraction for this redshift range, but still falls below the observed values for z 2 (see Figure 2) . The scaling laws used here are based on MS galaxies with stellar masses given by our MEAM selection and do not take individual star formation parameters into account.
If we plot the observed gas mass fractions as a function of cosmic time rather than redshift, they can be fitted by a linear relation: f gas = (0.075 ± 0.055) + (0.043 ± 0.007) t Gyr . The fit is made over the range z=3 to z=0 and include all the corresponding data points shown in Figure 10 . This result shows that the gas mass fraction for galaxies in the mass range log M * /M ≈ 10.7 − 11.2, on average, decreases at a constant rate of 0.043 ± 0.007 Gyr −1 over a time interval of ∼11.5 Gyr. The fit is shown, as a function of redshift, in the right panel of Figure 10 (thick black line).
Galaxies with a larger stellar mass are believed to have a lower gas mass fraction. The observed down-turn in the gas mass fraction for z 4, as seen in Figure 10 , is therefore most likely attributed to the fact that the z ∼ 4 sample of Scoville et al. (2016) contains galaxies that have an average stellar mass 15 times higher than those for which the scaling laws shown in Figure 10 are based. This is illustrated in Figure 11 were we plot the expected gas mass fraction as a function of stellar mass for a fixed redshift of z=4.4. In fact, a tendency for this is seen in the Scoville et al. (2016) data as it covers a range of stellar masses. The same trend is also reflected in the scaling relations (Sargent et al. 2014; Scoville et al. 2017; Tacconi et al. 2018) .
Hence, several studies, using both dust continuum emission and CO line emission as estimates of the interstellar gas mass, agree that the gas mass fraction at redshifts z ∼ 2 and z ∼ 3 are ∼0.5 and ∼0.6, respectively. There may be a dependence on the galaxy stellar mass in the sense that for a given redshift, less massive galaxies have a higher gas mass fraction than more massive ones. These gas mass fractions should be compared with the situation in the local universe, where massive galaxies, like our Milky Way, typically have f gas 0.1, while dwarf galaxies can have much higher gas mass fractions (e.g. Schombert et al. 2001; Bergum et al. 2008) . Taking the disparity of the sample selection into account, as well as the disparity in the techniques used to infer the interstellar gas masses and the associated potential systematic effects and biases, the consistency in the dramatic rise of the gas mass fraction with redshift is quite remarkable and reflects the profound importance that the interstellar gas has on regulating the star formation history of galaxies as they evolve with cosmic time. Adopting a fiducial gas mass fraction of 0.08 at z=0, these results show that the gas mass fraction grows as f gas ∝ (1 + z)
1.5 over 0 ≤ z ≤ 3, and even steeper if we only consider the 0 ≤ z ≤ 2 redshift range.
Non-detections of dust continuum from stacked images
One intriguing aspect of the gas mass fraction estimates for galaxies in our sample is the result for stacked images of galaxies without detectable dust continuum emission. In Figure 2 these upper limits are marked by purple arrows and represent upper limits to the gas fraction with a 3σ upper limit of the gas mass. In Figure 10 the z=4 and z=5 upper limits are marked as red arrows. These limits are significantly lower than the gas fractions of the detected galaxies at z=2-3 as well as the expected gas mass fraction derived from scaling laws. The upper limits to the gas fractions are listed in Table 4 .
As discussed in Sect 4.2, about half of the nondetected galaxies at z ∼ 2 and z ∼ 3 have sSFRs lower than those that are submm detected (Figure 4) . The sSFR of the non-detected galaxies are within a factor ∼0.8 dex of the sSFR of main sequence at the corresponding redshift and stellar mass range. Hence, these galaxies are not completely devoid of star formation activity, and in Sect. 4.2 we showed that the expected gas mass fraction, taking their lower sSFR values into account, is higher than the upper limits obtained from the stacked images. It thus appears that the effect of a relatively modest reduction in the specific star formation rate has a large effect on the dust emission. It is not clear whether these galaxies are transitioning to a truly quiescent stage, or if they are in a low-activity phase of episodic star formation activity. The high average Sérsic index of the non-detected z ∼ 2 and z ∼ 3 galaxies ( Figure 5 ) could suggest that they are transitioning to become a part of the truly quiescent population.
None of our galaxies in the z ∼ 4 and z ∼ 5 samples are detected with ALMA and the upper limits to the gas mass fractions derived from stacked images (0.38 and 0.37, respectively) are much lower than what is expected from scaling relations. They are, however, not dead galaxies in terms of their star formation activity, as seen through their SFRs. Their average star formation rate per unit stellar mass shows that they are as efficient in forming stars as their lower redshift counterparts (Figure 4 and 6) . The difference is that the z 4 galaxies have stellar masses ∼10 times lower than the z=2 sample. Defining the star formation efficiency (SFE) as SF R/M gas in units of Gyr −1 , we find that the submm detected galaxies have SF E ∼ 2 − 3, while the z=4 and 5 samples have SF E > 4. The undetected z=2 and 3 galaxies have SF E > 1. Since stars are formed from interstellar gas, this suggests that either the star formation process is 2-4 times more efficient at z 4, using up the interstellar gas faster than it can be replenished, or the total amount of interstellar gas in z 4 galaxies is not reflected in the dust continuum, at least not in the stellar mass ranges probed in this study. The inverse of the SFE is the gas depletion time scale, corresponding to t depl ∼ 0.3 − 0.5 Gyr and < 0.25 Gyr for the submm detected galaxies and z 4 galaxies, respectively.
As discussed in Sect. 4, there is an intrinsic bias against finding dust-obscured galaxies at z 4 using optical and near-infrared selected catalogs. This certainly applies to the CANDELS GOODS-S catalog which is based on H-band selected sources. At z 4 the H-band corresponds to rest-frame UV wavelengths and the presence of dust obscuration in low-mass galaxies at these redshifts, with corresponding low luminosities, may simply make them too faint to be included in the catalog. Such galaxies should show up in blind submm surveys as submm emission with no obvious optical/NIR counterpart. However, the fact that only a single z 3 galaxy was found in the 4.5 armin 2 ALMA continuum survey of the Hubble Ultra Deep Field (HUDF; Dunlop et al. 2017) , none in the very deep 1.6 arcmin 2 survey of the HUDF (Aravena et al. 2016) , and none in an ALMA survey of three of the Frontier Fields (Laporte et al. 2017), argues against a 'hidden population' of dusty, far-infrared luminous, star forming low-mass galaxies at high redshift. The single exception in the UDF is CANDELS ID 12781 (Dunlop et al. 2017) , which is a faint galaxy with a photometric redshift z phot = 4.8 and M * = 3.1 × 10 9 M .
Metallicity and stellar mass
The gas-phase metallicity correlates with the stellar mass of a galaxy, with more massive galaxies having higher metallicities than lower mass galaxies (e.g. Tremonti et al. 2004 ). This mass-metallicity relation (MZR) exists up to at least z ∼ 3.5 (e.g. Savaglio et al. 2005; Erb et al. 2006; Maiolino et al. 2008; Grasshorn Gebhardt et al., 2016; Guo et al. 2016; Sanders et al. 2018) . The conversion factor α 850µm used in this paper to derive the gas masses is empirically derived for galaxies with log M * /M > 10.2 (Scoville et al. 2016) . Our z=2-3 galaxies are all more massive, with an average stellar mass log M * /M ∼ 10.6. Hence, their gas-phase metallicity should be comparable to those galaxies used to derive α 850µm . The average stellar masses of the z=4 and z=5 galaxies, however, are log M * /M = 9.8 and 9.7. Assuming that the MZR can be extended to these high redshifts, the gas-phase metallicity of our z 4 galaxies can be as low as ∼ 0.2 Z (e.g. Genzel et al. 2015; Tacconi et al. 2018) , possibly affecting the gas-todust mass ratio and, in extension, the conversion factor α 850µm .
We can derive a correction to the α 850µm conversion factor by using the relation between gas-to-dust mass ratio and gas-phase metallicity derived by Draine et al. (2007) and Rémy-Ruyer et al. (2016) . Draine et al. (2007) derived gas-to-dust mass ratios for a sample of local galaxies with metallicities ranging from 0.08-1.0 Z 8 and found a linear relation between gas phase metallicity and gas-to-dust mass ratio. The change in gas-todust mass ratio going from Z/Z = 1.0 to 0.25 is ∼2.5, with a relatively small dispersion (see Fig. 7 in Draine et al. 2007 ). Below 0.25 Z (12 + log (O/H) = 8.1) the dispersion in the gas-to-dust mass ratio increases, with some galaxies having a lower than expected ratio. Rémy-Ruyer et al. (2016) presented an extensive study of the gas-to-dust ratios of local galaxies with metallicities ranging from Z/Z = 0.03 − 2.0 and found that for Z > 0.20 Z , the gas-to-dust ratio follows a linear correlation with gas-phase metallicity, similar to Draine et al. (2007) . Below Z = 0.20 Z , the gas-to-dust ratio has a steeper, but still linear, correlation with the gas-phase metallicity. Using the linear relation between gas-phase metallicity and gas-to-dust mass ratio derived by Draine et al. (2007) and Rémy-Ruyer et al. (2014), we conclude that the gas masses of the z 4 galaxies in our sample could be underestimated by a factor ∼3, compared to the more metal-rich systems used to derive the relation between L 850µm and gas mass (Scoville et al. 2016) . If this is the case, the upper limit to the gas mass fraction of the z=4 and z=5 samples would increase to ∼0.66. This value is similar to the derived f gas for the z=3 sample but far less than the f gas ≈ 0.9 implied by the scaling relations.
It is interesting to compare the z=4.4 sample of Scoville et al. (2016) with our z=4 and 5 samples. Scoville et al. (2016) report a 60% detection rate of dust continuum emission, while we have a 0% detection rate for our z 4 galaxies. The observing strategy and sensitivity limits are comparable. The average stellar mass of the Scoville et al. galaxies with dust emission is log M * /M = 10.89, with an average gas mass fraction of f gas ∼ 0.68. This value includes the effect of the CMB (see Sect. 4.1). So why do Scoville et al. (2016) have a detection rate of 60% while the detection rate in our sample is 0%? The only difference between the samples is the stellar mass, with our galaxies on average being 15 times less massive than those of Scoville et al. (2016) .
The gas mass fraction is supposed to be higher for less massive galaxies compared to higher mass galaxies, but a lower gas-phase metallicities for the low-mass galaxies may make this gas more difficult to detect using dust emission as well as CO emission. The average gas mass fraction for the submm detected galaxies in the Scov-ille et al. (2016) z=4.4 sample is consistent with expectations from scaling laws for that stellar mass range (Figure 11 ). The upper limit to the gas mass fraction for our z 4 galaxies, corrected for a lower gas-phase metallicity, is f gas = 0.66, but for this stellar mass range the scaling laws predict a gas mass fraction ∼0.85-0.90.
The MZR has been shown to also depend on the star formation rate, or more specifically, sSFR (e.g. Ellison et al. 2008 ). The M * -SFR-Z relation shows that at fixed stellar mass, galaxies with higher SFR have lower gasphase metallicities. The M * -SFR-Z relation exists to at least to z ∼ 2.5 (Mannucci et al. 2010; Sanders et al. 2018) . The theoretical interpretation of this extended relation is that the star formation is driven by the accretion of low-metallicity gas. When star formation is quenched, the dilution of low-metallicity gas ceases and the gas-phase metallicity increases due to stellar mass loss. Since SFR scales linearly with stellar mass, the M * -SFR-Z relation would have a larger impact on the gasphase metallicity for more massive galaxies compared with lower-mass systems. Hence, metallicity alone does not seem to account for the non-detection of dust emission in our z 4 galaxies.
We have no observational input regarding the gasphase metallicities of the galaxies in our sample and have to rely on extending the MZR to z 4. The metallicities of our galaxies, listed in Table 2 and shown in Figure 7 , are derived from SED fits using CANDELS photometry and only provide estimates of stellar metallicities. The results suggest that the average stellar metallicity of the z 4 galaxies is quite high, with Z ∼ 0.9 ± 0.5 Z , significantly higher than the estimates for the gas-phase metallicity provided by the MZR. The metallicity derived from SED fitting is subject to degeneracies with extinction and age. This can introduce an artificial scatter in the metallicity and extinction values. However, no systematic effect has been found in the analysis of the CANDELS data made by several different teams using different assumptions about star formation histories, extinction laws and different treatments of nebular emission, as well as the handling of photometric and systematic uncertainties in the fitting process (e.g. Mobasher et al. 2015; Santini et al. 2015) . The consistency of the high stellar metallicities in our sample thus indicates that these estimates are quite robust when applied to the sample as a whole.
Dust emission at high redshift
The non-detection of dust emission from our z 4 galaxies stands in contrast to a growing number of detections of dust emission as well as atomic fine-structure lines in seemingly normal z 6 galaxies. Tamura et al. (2018) Knudsen et al. 2017) . The de-lensed stellar mass is M * = 2 × 10 9 M and the estimated dust mass is ∼ 1 × 10 7 M . In all of these cases, the dust emission is directly associated with the stellar component. However, Maiolino et al. (2015) detected [CII] 158µm emission from a Lyman Break Galaxy (LBG) at z=7.10, but no dust emission. In this case, the [CII] emission is offset by ∼4 kpc from the rest-frame UV emission, possibly indicating that the dense gas in is rapidly being disrupted by stellar feedback processes.
How do our z 4 galaxies fit in with these z 6 galaxies with large inferred dust masses? The z 6 galaxies all have stellar masses of a few 10 9 M , enriched ISM with surprisingly large dust masses, and they are forming stars at a high rate. Taken at face value, the high stellar metallicities of our z 4 galaxies are consistent with the rapid build-up of the stellar population seen in the z 6 galaxies. In terms of cosmic time, ∼250-600 Myr separates our z=5 and z=4 galaxies from the z ∼ 6 galaxies. If the inferred SFRs are maintained over these times scales, it is possible to build up a stellar mass of several 10 10 M . Hence, there might be a connection between the z 6 dusty galaxies and the z ∼ 4 galaxies observed by Scoville et al. (2016) . It is, however, also possible that the metal-enriched ISM is removed through stellar feedback. Galactic winds remove metals from galaxies and do so with higher efficiency in low-mass galaxies due to their shallow potential wells (Dekel & Silk 1986) . Gas inflows bring metal-poor gas into the galactic halo, diluting the metal content in the existing ISM (Kerěs et al. 2005; Faucher-Giguère et al. 2011) . This process could also leads to re-accretion of some of the metal-enriched gas previously ejected via outflows (Bertone et al. 2007; Oppenheimer et al. 2010 ). These sometimes competing processes could lead to a situation where the gas-phase metallicity is lower than the stellar metallicities and where the gas-to-dust mass ratio is lower than expected for the stellar mass. While only speculative, such a scenario would explain the nondetection of dust emission in the z 4 galaxies in our sample.
Detectability of dust at high redshift
With these disparate observational results, a high detection rate of dust emission in z ∼ 4 galaxies with log M /M * ∼ 10.8, no dust emission in z ∼ 4 galaxies with log M /M * ∼ 9.8 and the presence of galaxies at z 6 with large dust masses and vigorous star formation activity, we must ask where the dust comes from. Does it have a different composition compared to lower redshift galaxies and can this affect the detectability of the dust emission in very high redshift galaxies?
There are three main sources of interstellar dust: condensation in SNe ejecta, producing mainly silicate type grains, ejecta from AGB stars, producing mainly carbon type grains, and grain accretion processes in the dense ISM. Dust grains can be destroyed via thermal sputtering, collisions with other dust grains and in SN shocks. Grain growth in the ISM represents the dominant mode of dust formation in our Milky Way galaxy (e.g. Dwek 1998). Popping et al. (2017) presented a study of the dust content of galaxies up to z=9 using semi-analytic models (SAMs), including dust production, destruction and growth in the ISM. They find that the ISM accretion mode is the dominant production channel for dust even for very high redshift galaxies, exceeding the production rates from AGB stars and SNe by several orders of magnitude. Similar results have been reached by Dwek et al. (2007) and Michalowski (2015) in analysis of the dust content of z 6 galaxies and QSO hosts.
The stellar mass of our z 4 galaxies is lower than the typical galaxies that have previously been part of dust continuum studies at high redshift. The stellar mass is, however, high enough that we can reasonably expect a gas-phase metallicity of at least 0.2 Z and a gas-todust ratio within a factor of ∼2-3 of more massive and, hence, more metal rich galaxies. This puts our z 4 galaxies well within the detectable range of dust continuum emission from the stacked images. The lack of detections at z 4 could potentially be due to different dust properties, leading to different emissivity and observed dust continuum flux density. However, both theoretical modeling (e.g. Popping et al. 2017 ) and the fact that dust is observed in more massive z 4 galaxies and QSO hosts argues against such a scenario. As long as the evolution time-scales of more massive galaxies are similar to the galaxies in our sample, the dust production channels ought to be similar, leading to similar dust properties. Furthermore, since the stellar metallicities of the z 4 galaxies in our sample appear to be ∼0.9 Z , their star formation histories cannot be too different from their more massive counterparts showing similarly high stellar metallicities..
Finally, in our analysis we have assumed a dust temperature of 25 K. The inferred dust temperature from submm observations of z 4 SMGs and QSO host galaxies is usually higher. The environments in these objects could be different from that of lower mass galaxies at the same redshift, providing a higher flux of UV photons and heating the dust to a higher temperature. If we would assume a higher dust temperature in our analysis, the inferred dust and gas masses, including the upper limits, would have to be adjusted downward. Clearly this does not help in explaining the non-detection of the z 4 galaxies in our sample.
Hence, while it is fair to say that a significant uncertainty remains on the dust properties for high redshift galaxies, the non-detections of dust emission from our z 4 galaxies, and the corresponding upper limits to the gas mass fraction, remains a conundrum. It seems more likely to be related to dynamical effects in the ISM, such as removal of the interstellar gas after an initial star formation phase, and subsequent dilution of the ISM by metal-poor gas, rather than an intrinsic low gas-phase metallicity or a high dust destruction rate.
SUMMARY AND CONCLUSIONS
We present an ALMA survey of dust continuum emission in a sample of 70 galaxies in the redshift range z=2-5. The sample contains galaxies connected through an evolutionary sequence representing how galaxies grow in mass with cosmic time. Multi-Epoch Abundance Matching (MEAM) is used to define the sample of likely progenitors of a z=0 galaxy of stellar mass 1.5×10 11 M , seen at different epochs. The selection takes the stochastic nature of galaxy growth into account. No other criteria apart from redshift and stellar mass were used in selecting the galaxies our sample. We obtained ALMA band 7 (z∼2 and 3) and band 6 (z∼4 and 5) observations of the dust continuum and used an empirically derived conversion factor between specific 850µm luminosity and gas mass to convert the observed fluxes into an estimate of the gas mass. Ancillary data from the CANDELS GOODS-S survey are used to derive the gas mass fractions and correlate this with other parameters of the target galaxies. We define the gas mass fraction as f gas = M gas /(M gas + M * ). All gas masses and gas mass fractions have been corrected for an increasing temperature of the Cosmic Microwave Background. Upper limits are quoted at 3σ.
The main results from this study are:
1. The detection rate for the z=2 redshift bin is 75%, while it is 50% for the z=3 bin and 0% for the z=4 and 5 redshift bins.
2. The average gas mass fraction for the z=2 redshift bin is f gas = 0.55±0.12 and for the z=3 bin f gas = 0.62 ± 0.15, only taking the detected galaxies into account.
3. Stacked images of the galaxies in our sample not detected with ALMA in the z=2 and z=3 redshift bins provide 3σ upper limits to f gas < 0.08 and 0.15, respectively. Stacked images of the z=4 and z=5 galaxies reach a rms noise of ∼8 µJy and the 3σ upper limits correspond to f gas < 0.38 and 0.37, respectively. Correcting for a lower gas-phase metallicity increases these upper limits to 0.66.
Comparison with several different scaling relations
show a good correspondence between the observed average gas mass fraction for our z 3 galaxies with detectable submm emission.
For z
3, the observed gas mass fraction decreases linearly with cosmic time at a rate 0.043 ± 0.007 Gyr −1 .
6. The gas-phase metallicity can effect the estimated gas mass fractions for the highest redshift bins, but even taking this into account, metallicity alone cannot explain the low upper limits for the z=4 and z=5 samples.
7. The metallicities of the stellar population is high, with ∼0.9 Z for the z 4 galaxies, possibly suggesting a disconnect between the current gas-phase and stellar metallicities for the highest redshift galaxies.
Combining our results with gas mass estimates from the literature for galaxies at redshifts z 3 shows that the gas mass fraction increases dramatically from z=0 to z=3. The gas mass fraction at z ∼ 3 is ∼8 times higher than at z ∼ 0 for galaxies of comparable stellar mass. The non-detected galaxies in our sample appear to have very low levels of interstellar gas. At z 4 the gas-phase metallicity could be low enough to affect the gas-to-dust mass ratio by a factor ∼3. Should this be the case, the observed upper limits to the gas mass fractions are higher but still too low to be compatible with what is expected from scaling relations. The stellar metallicity, derived from SED fits, appear to be high for the z = 4−5 galaxies, with an average metallicity of 0.9 Z . This is much higher than the expected gas-phase metallicity of ∼ 0.2 Z . One scenario that can explain this large discrepancy is that the z 4 galaxies are undergoing a second accretion phase of primordial or low-metallicity gas, and that the existing stellar population was build up at an earlier stage where the ISM was either used up or expelled from the galaxy.
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Note-Coordinates are from the CANDELS H-band selected catalog.
Note-The values listed for fgas and Mgas have been corrected for the effects of a higher Cosmic Microwave Background temperature (da Cunha et al. (2013) with the factor listed as αCMB.
Note-The Mgas and fgas values for non-detections represent 3σ upper limits. Table 4 . Derived values for stacked galaxies 1 N gal is the number of stacked galaxies for each redshift bin.
Note-The upper limits correspond to 3σ values of the rms noise in the stacked images. Figure 1 . Stellar mass versus redshift for ∼35,000 galaxies in the CANDELS GOODS-S field. The colored regions outline where progenitors are located for z=0 galaxies of stellar mass log (M * /M ) = 10.0, 10.5, 11.0 and 11.2 (red, green, blue, magenta and purple) using the MEAM selection method (Moster et al. 2013; Behroozi et al. 2013) . The spread of the selection slices represents the 1σ uncertainty as defined in Behroozi et al. (2013) . The stars show the location of the 70 galaxies in our sample; red color indicates submm detected ones, and blue undetected galaxies.
Figure 2. Gas mass fraction vs. redshift for our sample: small red stars show individually detected galaxies, small blue stars indicate 3σ upper limits (only shown for the z=2 and 3 samples). The large red circles show the average gas mass fraction for the z=2 and z=3 samples. The purple circles show the 3σ upper limits to the gas mass fraction obtained from stacking of galaxies without detectable submm emission, including the entire z=4 and z=5 samples. The gas mass fractions have been corrected for CMB effects (da Cunha et al. 2013) . The curves show the expected gas mass fraction for main sequence galaxies with a stellar mass equal to the MEAM selection criteria (Sect. 2.1) derived from three different scaling relations (Sargent et al. 2014; Scoville et al. 2017; Tacconi et al. 2018) . The dashed lines correspond to the lower and upper limits of the MEAM stellar mass selection. Apart from the upper limit to the stacked images, the observed gas mass fraction increases in accord with expectations from the scaling laws. Figure 3 . The difference in gas mass fraction ∆fgas(z, M * ), the difference between the observationally derived gas fraction for individual galaxies in our sample and that derived from the scaling laws of Sargent et al. (2014) , red stars, and Tacconi et al. (2018) , blue stars. The red and blue circles represent averages of the two samples and the error bar shows the standard deviation of the mean. The Sargent et al. (2014) model has an average ∆fgas = 0.013 ± 0.149, and the Tacconi et al. (2018) model has an average ∆fgas = 0.025 ± 0.151 Figure 4 . The specific star formation rate (sSFR) as a function of stellar mass for the four redshift bins making up our sample. The red dots correspond to all CANDELS GOODS-S galaxies in the given redshift interval, the black circles correspond to galaxies located within our M * − z selection region. The red and blue stars are the randomly selected galaxies observed with ALMA; red for submm deteced galaxies, blue for non-detections. The width of the stellar mass selection becomes wider for higher redshift bins, illustrating the widening of the MEAM selection of potential progenitors (see Figure 1) .The diagonal lines represent lower limits to the SFR for which submm emission would be detected with the present data sets given their 3σ noise limits. The dash-dot line corresponds to a dust SED with an assumed dust temperature of T d = 25 K, the dotted line to T d = 35 K. The dashed line is the limit for the stacked images assuming T d = 35 K. Galaxies outside the shaded region should be detectable in the current ALMA data and shows that most galaxies, even in the z ≥ 4 redshift bins fall in the detectable, non-shaded, region. The purple line is the specific star formation rate for the specific redshift characterizing each redshift bin (from Schreiber et al. 2015) . The dotted purple line is ±0.5 dex of the sSFR. Figure 5 . The gas mass fraction versus Sérsic index, S (left panel) and effective radius, RE (right panel). Individual galaxies with detected submm emission are shown as small red stars (z=2 sample) and small red circles (z=3 sample). The average values and the dispersion of the mean for the detected galaxies are shown as a large red star and large red circle, respectively. The 3σ upper limits of the stacked undetected z=2 and z=3 galaxies are shown as blue star and circle. Likewise, the 3σ upper limits to the stacked z=4 and 5 galaxies are shown as purple triangles. Galaxies with S ≤ 2.5 are considered disk-dominated and those with S > 2.5 are considered as spheroidal systems. On average, galaxies with detected dust emission are disk-like while those without detectable emission tend to be spheroidal. Furthermore, the detected galaxies have larger effective radii than those without detectable dust emission. Figure 6 . The gas mass fraction versus star formation rate, SFR (left panel) and the specific star formation rate, sSFR (right panel). Designations and markings are the same as in Figure 5 . Here we plot the median SFR and sSFR values in logarithmic scale, together with the dispersion of the mean. The large dispersion for the z=3 sSFR value from two galaxies (CANDELS ID#4438 and 4878) with very high sSFR values; 26 and 21 Gyr −1 , respectively). Galaxies with detected dust emission have, on average, higher SFRs than those without detectable dust emission. Still the average SFRs for our undetected galaxies are not zero; the z ∼ 2 − 3 undetected galaxies have SFRs ∼ 20 − 50 M yr −1 while the z=4 and 5 samples have SFRs ∼10 M yr −1 . This trend is reflected for the specific star formation rates, except for the z 4 galaxies, which have higher sSFRs comparable to the z ∼ 2 − 3 detected galaxies. Figure 5 . Not surprisingly, galaxies with detectable submm emission have, on average, higher extinction values than those that are undetected. The stellar metallicities are derived from SED fits and show the same trend as the extinction values. The z 4 galaxies (purple triangles) exhibit surprisingly high stellar metallicities, well in excess of the predicted gas-phase metallicity. The SED based metallicities are discussed in Sec. 5.3. Figure 8 . Examples of CANDELS HST images and ALMA 870µm images of five detected and non-detected sources for the z=2 and z=3 samples. The images have been selected to show the diversity of the target galaxies as well as its surroundings. Each image is 7 . 0×7 . 0 across. The images shown are, in order from left to right: HST/ACS F606W, HST/ACS F850LP, HST/WFC3 F160W, VLT/Hawk-I Ks and ALMA 870µm. The ALMA images are not primary beam corrected and the stretch has been optimized to show the dust continuum emission. Figure 9 . Examples of CANDELS HST images and ALMA 1300µm images of five galaxies from the z=4 and z=5 samples. None of these galaxies are submm detected. Each image is 7 . 0×7 . 0 across. The images shown are, in order from left to right: HST/ACS F606W, HST/ACS F850LP, HST/WFC3 F160W, VLT/Hawk-I Ks and ALMA 870µm. The ALMA images are not primary beam corrected. Figure 10 . The gas mass fraction versus stellar mass for this study and others compiled from the literature. Scoville et al. (2016) , Schinnerer et al. (2016) , part of Tacconi et al. (2018) and this study use dust continuum as a proxy for the ISM gas mass. The others use CO line transitions, ranging from the J=1-0 to J=3-2 transition. The selection of the different samples all apply different criteria and may not be directly comparable to each other or our sample. Nevertheless, a clear increase of the gas mass fraction is seen with increasing redshifts. The thin black line shows the expected gas mass fraction for main sequence galaxies with a stellar mass equal to the MEAM selection criteria (Sect. 2.1) derived from the scaling relation of Sargent et al. (2014) . The dashed lines correspond to the lower and upper limits of the stellar mass selection. In the right panel, the thick black line shows a fit of a linear decrease of the gas mass fraction with cosmic time from z=3 to z=0. The curve corresponds to a constant decrease of the fgas by 0.043 ± 0.007 Gyr. The apparent downturn of the gas mass fraction at z 4 is at least partially due to the stellar mass difference used in calculating the expected fgas and the average stellar mass of the Scoville et al. (2016) sample (see Figure 11) . 
